ABSTRACT: Time-resolved, in-situ and non-intrusive dust diagnostics is required in many plasma applications, not only in processing plasmas but also in tokamak plasmas, and laser-based diagnostics is regarded as one of the most promising solutions for this purpose. Also, the three-dimensional dust diagnostics has been spotlighted because it can provide higher dimensional information related to the dust motion than one-or two-dimensional diagnostics. A high-sensitivity three-dimensional laser-based diagnostic system is developed in this work to determine the trajectory of dust by adopting the multi-laser-sheet method with two charge-coupled-device cameras. Using this diagnostic system, the trajectories of dust immersed in plasma were investigated in three dimensions under various gas pressures and the damping effect of the neutral gas was observed.
Introduction
Small solid-state particles (dust particles) that range from a few nanometers to a few hundreds of micrometers are spontaneously generated during various plasma processes, changing the plasma conditions or spoiling the substrate. Therefore, diagnostic methods and removal techniques for these dust particles have been widely researched for the last two decades [1, 2] . In addition, dusts produced in tokamak plasmas may cause many safety issues as well as operational issues in fusion devices. Therefore, diagnostic methods and removal strategies are urgently required in many tokamak devices, including ITER [3] . Among the various dust diagnostic methods, laser-based diagnostics such as polarization-sensitive laser light scattering (PSLLS) [4] , laser-induced particle explosive evaporation (LIPEE) [5] , laser-induced incandescence (LII) [6] , and ellipsometry [7] are the most widely used. The laser-based diagnostic method is based on light scattering and absorption phenomena. Information pertaining to matter can be obtained by injecting laser light into the matter and analyzing the scattered light or radiation from the matter. Laser-based diagnostic methods are in-situ, non-intrusive to the plasma, and simple. Thus, they are widely applied to measure the spatial distributions, trajectories, and sizes of dust particles in various fields of science.
Apart from laser-based diagnostics, an electrostatic grid device consisting of two interlocking combs of closely spaced conductive traces has been developed to detect the dust for fusion devices [8] . This device detects dust by counting the signal pulse generated when the dust falls on the traces and creates a short circuit between the traces. Moreover, scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are also useful for measuring the morphology and size of dust particles in many plasma applications, but they are costly and can only be used ex-situ. Particle beam mass spectrometry is also utilized to measure dust particles in processing plasmas [9] , but this method is also an ex-situ technique, as it is installed in the middle of the gas exhaust.
Because time-resolved, in-situ, and non-intrusive diagnostic methods for dust are required in various fields, laser-based diagnostic is regarded as the most promising solution. In addition, the higher dimension diagnostics can show undiscovered information. Therefore, the demand for three-dimensional (3-D) diagnostic systems has been growing. To achieve 3-D measurements, beam collimators are widely used in conventional diagnostics. These, however, have a disadvantage of decreasing incident laser beam intensity since the incident laser beam should be spread in two dimensions for a 3-D measurement. Thus, the sensitivity of 3-D diagnostics may become insufficient for use in practical applications.
The goal of the present work is to develop a laser-based 3-D diagnostic tool for dust trajectories with a high level of sensitivity by minimizing the loss of the incident beam intensity. To achieve this aim, a multi-laser-sheet method using a pair of highly reflective spherical mirrors and a cylindrical lens with two charge-coupled-device (CCD) cameras was adopted instead of a beam collimator. Using the developed diagnostic tool, the trajectories of dust particles immersed in plasma are investigated and the effect of the neutral gas pressure is discussed.
2 Experimental setup 2.1 Optics setup Figure 1 illustrates a conceptual diagram of the diagnostic system for 3-D dust trajectories. As presented in the figure, two spherical mirrors are placed at both sides of the area to be observed. The diameter, reflectivity, and focal length of the spherical mirrors are 5 cm, 99.9% at 632.8 nm, and 4 m, respectively. Because a He-Ne laser with a wavelength of 632.8 nm and a maximum power of 30 mW (of the laser power density of 0.96 W/cm 2 ) was used as the probe beam in this work, mirrors having a high reflectivity at 632.8 nm were utilized. The role of the spherical mirrors is to spread the incident laser beam along the vertical direction. A hole of 2 mm in diameter was prepared in each spherical mirror through which the laser beam was injected.
A cylindrical lens, 4 mm in height and 8 mm in length having a focal length of 4 mm, was attached behind the hole. The injected laser beam whose beam diameter is 2 mm is spread horizontally like a laser sheet after passing the cylindrical lens. This laser sheet propagates to the opposite side to a mirror (a second mirror) and is then reflected back to the first mirror. If both mirrors are tilted properly, multiple reflections are achieved between the two mirrors. Therefore, there is a laser sheet between the two mirrors when seen from above while there is a multiple-reflected laser line when viewing from the side. We obtained 11 laser sheets of the typical width of 5 cm in this work. The area covered by the 11 laser sheets ranges from −6 cm to +6 cm along the x-axis (the x-, y-, and z-axes are presented in figure 1 , where the origin corresponds to the centre of the electrode surface), −2 cm to +2 cm along the y-axis, and 0.5 cm to 3.5 cm along the z-axis.
Camera setup
The two CCD cameras are positioned orthogonally, as shown in figure 1 . The vertical and horizontal cameras measure the light scattered from a dust particle on the x-y plane and on the x-z plane, respectively. The cameras used for the experiment are Samsung Techwin SHC-740N for the vertical and the Samsung Techwin SCB-4000 for the horizontal viewing. Both cameras have 768 × 494 pixels and 0.0001 lux of the minimum detectable intensity of illumination.
Wide-angle vari-focal lenses (SLA-550DA, Samsung Techwin) are placed in front of both cameras with the focal lengths fixed at the z = 2 cm plane and the y = 1 cm plane for vertical and horizontal cameras, respectively. The the distance between the dust particle and the CCD detector was (18.5-21.5) cm and (17-22) cm for vertical and horizontal CCD cameras, respectively. The viewing area of the two-camera system ranges from −3 cm to 3 cm along the x-axis, −2 cm to 3 cm along the y-axis, and 0 cm to 4 cm on the z-axis. In the experiment, the shutter speed of the cameras was fixed at 1/60 s and the frame rate was 30 frame/s.
The two cameras were connected to a four-channel digital video recorder (DVR; PHR04, Tibet) which converts the obtained images into a movie file at the same time. The DVR produces a movie file at 30 frames/s with a resolution of 700 × 400 pixels.
Camera pixel calibration
Given that wide-angle lenses are adopted in front of both cameras, the actual position of each pixel should be calibrated. The calibration was carried out as follows. First, we placed a 1 cm by 1 cm paper piece on the electrode surface and moved it from 0 cm to 4 cm by 1 cm in the vertical direction. At the same time, images of the paper piece were captured by the vertical camera. The image of the paper obtained by the vertical camera at z = 2 cm is presented in figure 2(a) . As shown in the figure, the central lines are straight while the lines near the edge of the CCD view are bent. In order to correct the image distortion, the x-and y-coordinate calibration matrices which contain the actual x-and y-coordinate of each pixel were calculated as a function of the z-position using the obtained images. We then erected the paper vertically on the electrode surface and moved it from −2 cm to 2 cm at 1 cm increments along the y-axis while taking pictures of it using the horizontal camera. The image of the paper taken by the horizontal camera at y = 0 is depicted in figure 2(b) . Based on the obtained images, the z-coordinate calibration matrices were calculated as a function of the y-position.
Results
The plasma source used in the experiment was a single electrode capacitively-coupled type. An electrode with a radius of 6 cm connected to a 13.56 MHz RF generator (RF10S, RFPP) was located at the bottom of a cylindrical vacuum chamber of 20 cm in height with a diameter of 26 cm. The plasma was produced at 20 W of input RF power under 5-20 mTorr of Ar gas. After the onset of the plasma, a spherical melamine formaldehyde (MF) particle with radius of 10 µm and refractive index of 1.68 was injected into the plasma by a custom-made dust distributor, as shown in figure 1 . A copper guide ring of the diameter of 6.3 cm was placed on the electrode surface to trap the dust particle above the electrode. The immersed MF particle vertically oscillated due to its thermal motion and charge fluctuation near the equilibrium position [10] . The dust motion in the radial direction was initiated by stepping up of the input rf power from 20 W to 25 W for 500 ms just after the dust injection into the plasma. The dust particle was expelled from the central region during the 25 W phase, and then it returned toward the central region during the 20 W phase.
A floating-type probe was used whose tip was applied by 50 kHz sinusoidal waveform voltage. The ion flux (and thus density) was obtained by analyzing the first and second harmonics of the probe current [11] . The dimension of the probe tip was 1 mm in diameter and 10 mm in length, and the probe measurement was carried out at (x, y, z) = (0, 0, 2 cm) after the dust particle was injected.
The measured sequential images captured by the vertical and horizontal cameras under 10 mTorr of Ar gas are shown in figure 3. Figures 3(a) -(c) represent the images of the x-y plane taken by the vertical camera, while figures 3(d)-(f) show the images of the x-z plane taken by the horizontal camera. The times of taking (a), (b), and (c) correspond to those of taking (d), (e), and (f), respectively. In each figure, the white spot denoted as a dotted circle represents the dust particle and the reddish circular element is the guide ring. The sequential images clearly show that the white spot is moving from the left side to the right side with time. Because the dust particle is moving in the plasma, the white spot appears to be larger than the actual size of the dust particle because of the high particle speed compared to the shutter speed.
The 3-D dust trajectory was reconstructed as follows. The movie files of the x-y plane and the x-z plane were recorded by the four-channel DVR and by the vertical/horizontal CCD cameras. The dust particle images were then sequentially extracted from the movie files (see figure 3) . In order to remove background noise, the image of the present time frame was subtracted by the image of the former time frame. After the subtraction process, only the dust particle was seen in the image and therefore it was easy to find the pixel number of the dust particle in the present image. The dust particle was occasionally not observed in the image due to its escape from the laser-shone region. In this case, the pixel position of the dust particle was predicted by linear interpolation between the image of the previous time frame and the image of the following time frame.
The found pixel number was converted to the actual x-, y-, and z-positions as the following procedure. The z-position is firstly calibrated by the z-coordinate calibration matrix obtained at y = 0 (as an initial value). The x-and y-positions are then calibrated by the x-and y-coordinate calibration matrices obtained at the determined z-position. The z-position is re-calibrated using the determined y-position. After the several iterations of the calibration procedure, the exact x-, y-, and z-positions are obtained. However, if several dust particles exist in the same frame, it becomes nontrivial to determine each particle's trajectory. In order to avoid it, we trapped only a single or Figure 3 . Sequential images of the moving dust particle under 10 mTorr gas pressure measured by (a)-(c) vertical and (d)-(f) horizontal cameras. The times of (a), (b), and (c) correspond to those of (d), (e), and (f), respectively. a few particle particles levitated inside the plasma. This was achieved by dropping dust particles into the plasma using a dust distributor and turning off and then tuning on the plasma after a few seconds. In this way, just a few particles were still levitated in the plasma while most particles fell on the electrode surface. Figure 4(a) shows the dust trajectories on the 3-D frame, while figures 4(b) and (c) depict the dust trajectories on the x-y frame and x-z frame, respectively. In the figures, the dotted (blue), dashed (green), and solid (red) lines are the dust trajectories obtained at 5 mTorr, 10 mTorr, and 20 mTorr Ar pressure, respectively. As shown in the figure, the dust particle shows oscillation along the z-axis and orbital motion on the x-y plane. Note that the amplitude of dust oscillation in the vertical direction and the area of the horizontal dust orbit decrease as the neutral gas pressure is increased. The origin of the vertical oscillation is similar to that of the self-excited vertical oscillation in the dusty plasma crystal [10] , and the decrease of vertical oscillation amplitude at high pressure is induced by the fact that the neutral gas particles provide a damping force by colliding with the dust particle [10] . Based on our results, the average moving speeds of the dust particle were 110 mm/s, 62 mm/s, and 15 mm/s at 5 mTorr, 10 mTorr, and 20 mTorr, respectively.
It is also noted that the lowest vertical position of the particle decreases as the gas pressure is increased. Because a dust particle is generally trapped near the sheath boundary, the lowest vertical position may indicate the sheath thickness in the low pressure plasma. In order to quantitatively demonstrate it, we calculated the sheath thickness using the measured electron temperature and density. The thickness of the Child law sheath is expressed as [12] 
where λ D is the electron Debye length (λ D = ε 0 kT e /en s ) 1/2 where ε 0 is the dielectric constant in vacuum and n s is the electron density at the sheath), V 0 is the applied voltage to the electrode, and T e is the electron temperature. Using the measured values of electron temperature and density (kT e = 3.5 eV, 3.0 eV, and 2.8 eV while n e = 7.8×10 8 cm −3 , 1.5×10 9 cm −3 , and 2.0×10 9 cm −3 for 5 mTorr, 10 mTorr, and 20 mTorr, respectively), λ D are 490 µm, 330 µm, and 280 µm, respectively. Since V 0 = 200 V in our experimental condition, the sheath thicknesses are 8.0 mm, 6.1 mm, and 5.5 mm, respectively. These are in good agreement with the deduced sheath thicknesses from our trajectory measurement which are 11 mm, 8 mm, and 7.5 mm for 5 mTorr, 10 mTorr, and 20 mTorr, respectively.
Summary
A high-sensitivity laser-based diagnostics for three-dimensional dust trajectories was attempted by adopting a multi-laser-sheet method utilizing two commercial CCD cameras. In this set up, the particle detection limit is 2 µm in radius. Using this diagnostic method, the trajectories of a 10 µm radius MF particle in plasma were investigated at various gas pressures. The results clearly show that a dust particle moves rapidly under a low pressure condition owing to the low level of neutral friction. This method is powerful because it provides three-dimensional information, is simple to set up, and has better sensitivity compared to the conventional three-dimensional diagnostics utilizing beam collimators. Furthermore, with a CCD camera capable of higher frame rates, dust that moves faster can be traced. Note that the exposure time becomes shorter at higher frame rate and this induces the increase of minimum detectable size.
